
ITNrT.ASSTTF7l Lt~ '

.StCURITY CLASSIFICATION Of THIS PAGE (When Date Entered)REDISUCON

REPORT DOCMENTATION PAGE BEFORE COMPLETING FOR
RE1PORT NUmE 2. GOVT ACCESSION NO. 3. RECIPIEF#TfS CATALOG NUMBeRo

COARO~ 22557.-5 -EG N/AN/
0') TITC(n utte . TYPE OF REPORT & PERIOD COVteE

Nonlinear Rotorcraft Analysis - Experimental Final Report 9/15/85-1/14/89

o and Analytical S. PERFORMING ORG. REPORT NUMBER

S AUTHORe) S. CONTRACT OR GRANT NUMUERMa

Benson H. Tongue
DAAG2 9-85 -K-02 07

PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK

School of Mechanical Engineering AE OKUI UBR

Georgia Institute of Technology N/A
Atlanta GA 30332 _______________

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT OAT6

U. S. Army Research Office 11/13/88

Post Office Box 12211 13. 6UBRO AC

14. MONIORIN AGCY4AM ADRSfdiem free, Controlling Office) IS. SECUR ITY CLASS. (of thle report)

Unclassified

15a. OCCLASSIFICATIONd'OOVWNGRAOING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Roe"r)

Approved for public release; distribution unlimited. D T IC

The theworetical , develoent dencopas cnaicued n hige ess arotrwt
ahgre ougth umbers ofd incld degresntusa offfedoioaloccuate
Dpritions of ah simpfirtorcnf, poiyrsoneson Th e s exeietao oe

Aalle tefsimulainoviof both hinelytssa and articulatedarotor ins grode

o alo a0 deperO unertndn of the limitE S c cl be"havior Tof rotoP1 ( ataned)



[INC.A TFT f . "

SECURITY CLASSIFICATION OF THIS PAGE(Whe, Dea &tneft4)
20. Contm

resonance. The purpose of the above work was to identify the regimes of
helicopter operation that can support limit cycling and the range of
excitations the system can withstand before entering a limit cycle. Both
ground and air resonance behaviors were analytically investigated.

Accession For

NTIS GRA&I [r
DTIC TAB 0
Unatmounced
Justiftoation

By__

Distribution/
Availability Codes

Avail and/or

Dist Special

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(fhhn De Ented)



II&I I

NONLINEAR ROTORCRAFT ANALYSIS -

EXPERIMENTAL AND ANALYTICAL

FINAL REPORT

AUTHOR
B. H. Tongue

6 November 1988

U.S. ARMY RESEARCH OFFICE

CONTRACT 22557-EG
RESEARCH AGREEMENT NO. DAAG29-85-K-0207

GEORGIA INSTITUTE OF TECHNOLOGY
SCHOOL OF MECHANICAL ENGINEERING

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED



THE VIEWS, OPINIONS, AND/OR FINDINGS CONTAINED IN THIS RE-
PORT ARE THOSE OF THE AUTHOR AND SHOULD NOT BE CONSTRUEDE
AS AN OFFICIAL DEPARTMENT OF THE ARMY POSITION, POLICY OR
DECISION, UNLESS SO DESIGNATED BY OTHER DOCUMENTATION.



1. PROBLEM STUDIED

A parallel effort involving both analytical and experimental work was performed to allow

a deeper understanding of the limit cycle behavior of rotorcraft and of the implication of this

behavior for the safe operation of such rotorcraft. The theoretical development encompassed

articulated and hingeless rotors with a great enough number of included degrees of freedom to

allow accurate predictions of a simplified rotorcraft's responses. The experimental model allowed

the simulation of both hingeless and articulated rotors in ground resonance. The purpose of the

above work was to identify the regimes of helicopter operation that can support limit cycling and

the range of excitations the system can withstand before entering a limit cycle. Both ground and

air resonance behaviors were analytically investigated.



2. MAIN RESULTS

The research program proved to be extremely successful. A sophisticated harmonic balance

procedure was applied to the fully nonlinear ground resonance model and was shown to capture
all of the essential dynamical behavior of the system. This modeling went substantially beyond

any of the nonlinear ground resonance analyses that preceded it. Construction of the equations

of motion and the subsequent solution of these equations was greatly aided by an extensive use

of symbolic manipulation. The results showed that destructive, high amplitude limit cycles could

exist, not only in the linearly unstable regime, but also at rotor speeds for which linear analyses
would predict purely stable behavior. Thus one would expect that a strong perturbation to the

craft, such as a hard landing, could push the system into a high amplitude limit cycle that would
lead to the destruction of the aircraft. These predictions were fully verified by the experimental

ground resonance rig. The experimental parameters were entered into the generic analytical
model and led to responses that were very closely matched by the behavior of the actual model.

Thus the findings were shown not to be simply academic exercises, but responses that were

physically realizable. Parametric studies were completed to indicate the response of the system

under a widely varying set of physical conditions. The generic methodology of the analyses can

easily be applied to a variety of rotor problems.

The air resonance study led to a moderately complicated structural model having aero-

dynamic interactions. The complexity of the nonlinear response made a limit cycle analysis

computationally infeasible, thus leading to a use of more traditional numerical integration. The

same sorts of behavior that were predicted for the ground resonance model were shown to be

possible in the air resonance model, i.e. limit cycling in a linearly stable region of rotor speeds.

The effect of various nonlinearities on the response was assessed, with the conclusion that the

most significant nonlinear effects were engendered from discrete nonlinear structural elements.

This model was also examined for more complicated nonlinear effects than simple harmonic limit

cycles. The most notable outcome of this work was the demonstration that under a harmonic ex-
citation (such as occurs with Higher Harmonic Control) the rotor response can become chaotic. It

is believed that this is the first time that the existence of chaos has been indicated in a rotorcraft.
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